ABSTRACT: In this experimental study we investigated the effect of viral infection on primary production and carbon flow in a phytoplankton-DOC-bacteria food chain during viral lysis of the phytoplankton population. The phytoplankter host-virus system used was Phaeocystis pouchetii (Pryrnnesiophyceae) and the virus PpVO1. Viral infection allowed primary production in the cells to continue throughout most of the lytic cycle. In non-infected algal cultures, net production of DOC and bacterial biomass was low and at the end of the experiment the DOC concentration was 10 to 2096, and the bactenal biomass 0.5 to 4 % of the algal carbon biomass. The amount of DOC released during viral lysis of the algal cells implies that the enhre algal biomass was converted to DOC. Growth of bacteria succeeding cell lysis and release of DOC in virus infected cultures demonstrated that the net effect of the virus infection was an efficient conversion of algal biomass into bacterial biomass.
INTRODUCTION
The microbial loop, in which dissolved organic carbon (DOC) lost from phytoplankton is assimilated by bacteria and transferred back to the grazing food chain via bacterivorous microzooplankton, has been recognized as an important pathway in the microbial food web of aquatic ecosystems (Azam et al. 1983 (Azam et al. , 1993 . Some 20 to 50% of the primary production is typically found to pass through the microbial loop (Cole et al. 1988) .
Phytoplankton excretion and zooplankton grazing and sloppy feeding have been considered as the quantitatively most important internal sources of DOC in natural waters (Ducklow & Carlson 1992 , Fuhrman 1992 . It has recently been suggested that viral infection causing cell lysis may be of importance to carbon and nutrient flow in the microbial food web (Fuhrman & Suttle 1993 , Bratbak et al. 1994 , Suttle 1994 ). The observations which have led to this suggestion are the 'E-mail: gunnar.bratbak@im.uib.no O Inter-Research 1998 high and variable abundance of virus and virus-like particles in aquatic environments, and the occurrence of such particles intracellular in a variable fraction of natural phytoplankton and bacterial communities.
The abundance of viruses and virus-like particles (VLP) in aquatic marine ecosystems is typically in the order of 106 to 10' rnl-' (Maranger & Bird 1995) . Most of these viruses are presumably bacteriophages (Bratbak et al. 1990 ) but phycoviruses and viruses infecting other microorganisms may also be present in significant numbers (Proctor & Fuhrman 1990 , Bratbak et al. 1993 , Suttle & Chan 1993 , 1995 , Waterbury & Valois 1993 . Electron microscopy studies of microorganisms in natural waters have revealed that 1 to 40% of the bacterial community [Bratbak et al. 1994) , and a variety of eucaryotic microorganisms (van Etten et al. 1991 , Reisser 1993 , Zingone 1995 contain virus-like particles. Total counts of viruses have been found to vary significantly in time and space, and have been correlated to biological parameters such as chlorophyll a concentration, bacterial abundance and bacterial activity (Bratbak et al. 1994 , Maranger & Bird 1995 . The methods used to assess the rate of viral lysis of bacteria in natural waters are uncertain, but they indicate that a considerable fraction ( < l 0 to 250%) of the daily bacterial biomass production is diverted into dissolved material (Proctor et al. 1993 , Hennes & Simon 1995 , Mathias et al. 1995 . There is also growing evidence that virus infection is a quantitative significant cause of mortality in many phytoplankton populations (Proctor & Fuhrman 1990 , Bratbak et al. 1993 , 1995 , Waterbury & Valois 1993 , Cottrell & Suttle 1995 , Brussaard et al. 1996 . Virusinduced cell lysis may thus be a sizable source of DOC in natural environments.
A virus lytic to the marine haptophyte Phaeocystis pouchetii has recently been brought into culture (Jacobsen et al. 1996) . Phaeocystis is an ecologically important phytoplankton genus in many areas (Lancelot et al. 1994 ) and may completely dominate spring blooms in regions as different in temperature, light conditions, nutrient status, and water column stability as e.g. the Barents Sea (Loeng et al. 1987 ) and the North Sea coast of the European continent (Lancelot et al. 1987) . Phaeocystis from such blooms may sink (Wassmann et al. 1990 , Wassmann 1994 or be consumed by predators (Admiraal & Venekamp 1986 , Huntley et al. 1987 , Estep et al. 1990 ), but the collapse of such blooms has also been found to leave high concentrations of dissolved carbohydrates and organic nitrogen compounds in the photic zone (Eberlein et al. 1985) , as one would expect if blooms terminate due to massive cell lysis. Since the mechanism of bloom collapse may be expected to strongly influence the postbloom concentrations of organic and inorganic nutrients in the photic zone, the whole post-bloom successional pattern of new phytoplankton species, heterotrophic bacteria, and protozoan predators would be expected to depend on the relative dominance of the different bloom-terminating mechanisms.
Virus infection and cell lysis of algae will inevitably have a major impact on the cells' CO2 fixation and on carbon flow in the foodweb. The purpose of this experimental study was to investigate the carbon flow and population dynamics in a phytoplankton-DOC-bacteria food chain dnring viral lysis of the phytoplankton population. The effect of viral infection on primary production was examined by measuring 14C-CO2 fixation in infected and non-infected algal cultures. The specific questions we have approached are related to timing of events and to magnitude and rate of carbon flow: At what stage in the lytic cycle is the CO2 fixation shut down? How much of and how fast is the cellular biomass converted to dissolved material during cell lysis? Is the organic material released during cell lysis readily available for bacterial secondary production or does it accumulate in the water?
MATERIALS AND METHODS
Cultures. The algal host-virus system used in this study was Phaeocystis pouchetii (Prymnesiophyceae) strain AJO1, obtained from the culture collection at the University of Bergen, Norway. This Phaeocystis strain does not form colonies under the growth conditions used in this study. The lytic virus PpVOl was isolated from Raunefjorden, Western Norway (Jacobsen et al. 1996) . The algal culture and virus lysate were not axenic.
The cells were grown in a sterile filtered (0.2 pm) sea water medium prepared from aged sea water (33%0) with vitamin and trace element additions as for the f/2 medium (Guillard 1975) . Nitrate and phosphate were added from autoclaved stock solutions to give final concentrations of 80 pM NaNO, and 5 pM KH2P0,. For all experiments we used 1 1 cultures growing in 2 1 Erlenmeyer flasks. The incubation temperature was 8°C and the illumination (continuous light) from white fluorescent tubes was 40 to 50 pm01 m-2 S-' measured at the surface of the cultures. The cultures were gently swirled once a day to prevent sedimentation.
Experimental design. For the carbon flow studies we used four 1 1 batch cultures of exponentially growing Phaeocystis pouchetii. Two of the cultures were inoculated with a fresh virus lysate to give an initial virus-tohost ratio of 0.1 to 0.2. The remaining 2 cultures served as control and received lysate that had been 0.2 pm filtered to remove bacteria and heated to boiling in a microwave oven to inactivate the viruses.
To investigate the effect of virus infection on photosynthesis we measured the rate of 14C-CO2 incorporation at several time-points before and after inoculating an exponentially growing Phaeocystis pouchetii culture with a fresh virus lysate to give an initial virus-tohost ratio of about 10. A non-infected culture was used as control. Samples for cell and virus counts, and for analysis of inorganic and dissolved organic carbon, were analyzed as described below.
14C incubations. CO2 incorporation was measured in triplicate by adding 1 pCi '4C-C02 (New England Nuclear) to 10 ml samples and incubating for 1 h under the conditions described above. 5 m1 from each parallel was transferred to scintillation vials, acidified with 2 drops of 8 N HCI and left open for >24 h to remove unincorporated CO,. Controls were acidified immediately after isotope addition. Independent tests showed that no CO2 remained in the acidified samples after 24 h. The samples were neutralized by adding 2 drops of 8 N NaOH and the radioactivity measured in a Packard Tri-Carb scintillation counter after adding 5 ml Ultima Gold XR (Packard) scintillation cocktail.
Enumeration and chemical analysis. Growth of the algae was monitored by live cell counts in a Fuchs Rosenthal haematocytometer. Samples for total count-ing of bacteria and viruses were preserved with 2.5 % glutaraldehyde. Particles were harvested onto electron microscope grids (Ni, 400 mesh) by centrifugation and prepared for counting in the transmission electron microscope (TEM) basically as described earlier (Bratbak & Heldal 1993) . The centrifuge tubes we used were cut to accommodate ca 3 m1 of sample water and the samples were centrifuged for 30 min at 200 000 X g in a Beckrnan SW 41 swing-out rotor. The grids were positive stained with 2 % uranyl acetate and viewed in a Jeol 100CX or a Jeol 100s TEM at 20000x magnification. Carbon biomass of algae and bacteria was estimated from volume measurements in phase contrast microscope (algae) and in TEM (bacteria).
DOC and inorganic carbon (IC) were measured in a Shimadzu TOC-5000 total organic carbon analyzer. Samples for DOC analysis (3 parallels of 5 ml) were filtered through 0.2 pm Supor 200 filters (Gelman Sciences), preserved with 50 p1 0.5 N HC1 and stored at 4°C until analysis. The initial DOC concentration in the seawater medium was 2.65 mgC 1-l. This amount was subtracted from all DOC values measured throughout the experiment to focus on net changes. Samples for IC analysis (3 parallels of 5 ml) were measured irnrnediately after sampling.
RESULTS AND DISCUSSION

Biomass of algae and bacteria
Measured in the phase contrast microscope the mean size of living Phaeocystis pouchetii cells was about 5 pm in diameter (range 4 to 6 pm) from which we estimate a carbon content of 6.5 pgC cell-', assuming a cell density of 1 and a 10 % carbon-to-wet weight ratio. Measured in the TEM, the mean volume of glutaraldehyde preserved bacteria was 0.3 + 0.03 pm3 (mean SE, n = 19). Choosing a conservative volume to carbon conversion factor of 200 fgC pm-3 (cf. Ducklow & Carlson 1992 , Fuhrman 1992 w e arrive at a mean bacterial carbon content of 60 fgC cell-'. In preliminary experiments the carbon content in single cells of P. pouchetii and of bacteria growing in the culture was (Heldal et al. 1985 , Norland et al. 1995 found to be 5.6 + 0.8 pgC cell-' and 62 + 7 fgC cell-' (mean rt SE) respectively by quantitative X-ray microanalysis. The biomass estimates obtained by X-ray microanalysis and by volume measurements were thus in agreement both for algae and for bacteria. The number of cells sized was too low to reveal any significant changes in cell volume throughout the experiment and we thus adopt 6 pgC algal cell-' and 60 fgC bacterial cell-' as conversion factors to estimate the carbon content of the respective populations from cell counts (Fig. 1) . 
Carbon flow
Viral infection perturbed the exponential growth and decimated the Phaeocystispopulation withn 3 d (Fig. l a ) while in the non-infected culture growth continued undisturbed (Fig. l b ) . Virus-like particles were never observed in the non-infected cultures, suggesting that there was no background of non-virus virus-like particles in the cultures and that the non-infected control cultures were indeed uninfected. The concentration of DOC and the abundance of bacteria showed no significant changes in any of the cultures before the addition of viruses (Fig. l a ) . The concentration of DOC increased when the algae lysed a n d this increase was followed by an increase in bacterial abundance (Fig. l a ) . The same successional pattern between algae, DOC and bacteria was observed during a lysis induced decline of a Phaeocystis spring bloom in the North Sea (van Boekel et al. 1992) . At the end of the experiment (Days 11 to 13) the amount of DOC and of bacterial biomass was l 0 to 20 and 0.5 to 4 % respectively compared to the algal carbon biomass. In the non-infected culture there was no substantial increase in DOC or bacterial biomass compared to the algal biomass (Fig. l b ) .
The peak in algal biomass in the infected culture was 1.8 mgC 1-l, but 0.5 to 0.6 mgC 1-' was then already released as DOC due to viral lysis of the cells. The initial increase in viral abundance (Days 8.1 to 9.4) was 2.6 X 10' viruses ml-l which corresponds to a loss of ca 9 X 104 algal cells ml-' or 0.6 mgC 1-' assuming an average burst size of 270 viruses per cell. The latter figure was estimated from the first net decrease in algal cells and the concurrent increase in viruses (Days 9.4 to 10.4). The estimated loss in algal biomass is in agreement with the observed net increase in DOC of 0.5 mgC 1-' between the addition of virus and the peak in algal biomass. The total algal biomass production may thus be estimated to have been about 2.4 mgC 1-' which compares well with the observed maximum DOC concentration of 2.45 mgC 1-l.
The bacterial biomass was 1.8 mgC 1-' when sampling for this parameter was terminated (Day 12). The DOC concentration was at this time still above background concentration (i.e. above 2.65 mgC 1-') and further bacterial growth may thus have taken place.
The ratio between DOC produced and algal biomass produced was close to 1, indicating that the entire algal biomass was converted to DOC upon cell lysis (Fig. 1) . The ratio between bacterial biomass produced and DOC produced was as high as 0.7 although the bacterial biomass production may have been underestmated. In this carbon budget we have not accounted for extracellular organic polymers or slime which is not particulate in the sense of cellular nor dissolved in the sense that it passes the 0.2 pm filters used to separate particulate and dissolved material. Algal production and bacterial utilization of such material may explain the apparently high bacterial growth efficiency. The overall conclusion is nevertheless that algal carbon released upon viral lysis was efficiently converted to bacterial biomass.
For viral infection of Aureococcus anophagefferens, Gobler et al. (1997) estimated that accumulated bacterial carbon secondary production was 22 % of the carbon in the cells lost during lysis. The amount of carbon released into the dissolved phase amounted to 15 % of the algal carbon. Compared to our results with Phaeocystis pouchetti, this suggests that both the amount and bioavailability of organic material released from algae due to viral lysis, and the bacterial secondary production succeeding such lysis, may vary significantly.
Effect of virus infection on CO, fixation
The changes in cell abundance in the infected and non-infected cultures are shown in Fig. 2a . There was a lag in cell growth in the non-infected culture from 0 to 12 h which we interpret to have been caused by Time (h) frequent sampling and disturbance of the culture. Fig. 2b shows that the abundance of free viruses increases rapidly between 12 and 24 h and reaches a maximum between 24 and 30 h. With an initial virusto-host ratio of 10 and a lytic cycle of 12 to 18 h (Jacobsen et al. 1996) this indicates that most or all of the algal cells were infected shortly after the addtion of the viruses. Virus-like particles were never observed in the non-infected culture.
The rate of CO2 fixation in both the virus infected and the non-infected culture (Fig. 2c) reflects the change in cell abundance in the 2 cultures. From increase in cell numbers we estimated the growth rate (p, d-l) of uninfected algae (both cultures) to be 0.42 * 0.02 d-' (mean i SE, n = l?). From the rate of CO2 fixation (Fig. 2c) and the biomass, which was calculated from cell number (Fig. 2a) and a cell carbon content of 6 pgC cell-', we estimate a mean growth rate of 0.48 * 0.04 d-' (mean * SEM, n = 10) for the non-infected culture (Fig. 2d) . The mean growth rate estimated for the infected culture was 0.48 * 0.07 d-' (mean * SEM, n = 7) until 12 h after infection, i.e. the same as in the non-infected culture (Fig. 2d) . The photosynthetic apparatus of the infected cells does thus seem to be active during most of the lytic cycle which lasts for 12 to 18 h (Jacobsen et al. 1996) . In this respect the Phaeocystis-PpV host-virus system resembles virus infection in Synechococcus where the photosynthetic rate in infected cultures was similar to that in non-infected control cultures until near the onset of cell lysis (Suttle & Chan 1993) . This is however not a universal feature. The rate of photosynthesis in Micromonas pusilla has been found to be significantly reduced within 2 h after infection, but in part maintained until near the end of the lytic cycle (Waters & Chan 1982) . In ChlorelZa infected with PBCV-1 virus, CO2 fixation is inhibited almost immediately (van Etten et al. 1983) .
The difference between the growth rate estimated from increase in cell abundance and the growth rate estimated from CO2 fixation was insignificant. The former approach includes only production of new cells, i.e. the particulate production, while the latter, which is based on total CO2 fixation, includes both particulate and dissolved production. We may thus interpret these results to indicate that the production of DOC, except for that caused by viral lysis, was only a small fraction of the particulate production.
Ecological considerations
The bacteria in these experiments are those which have been carried over and CO-cultured with the Phaeocystis since it was originally isolated. It may thus be assumed that they are pre-selected and well adapted to grow on organic material released from these algae. Accordingly, the lag period before onset of bacterial growth after input of organic material from algal cell lysis may be expected to be short, and the bacterial growth efficiency on this material may be expected to be high. Natural bacterial communities that are not specifically selected and adapted for growing on organic material released from lysed algal cells may show a longer lag period before onset of growth and perhaps also a lower growth efficiency than observed in these experiments. There is however no reason to believe that the natural community will have a qualitatively different response.
Excretion and leaching from intact phytoplankton cells and byproducts of zooplankton ingestion and digestion have been recognized as the main pathways of DOC from phytoplankton to bacteria (Jumars et al. 1989) . Virus-induced cell lysis may nevertheless for short periods of time most certainly represent a much larger input of DOC to the system. The difference between these pathways, i.e. slow and steady release of DOC versus massive cell lysis with sudden release of large amounts of DOC, may be of significant ecological relevance. The former pathways may select for bacteria growing steadily on a relatively low and constant input of carbon (K-strategy) while the latter may select for those who have the ability to respond quickly and grow fast on relatively high concentrations of organic material (r-strategy). Viral lysis of a blooming phytoplankton con~munity may thus be hypothesized to result in a shift in the bacterial community composition.
